ABSTRACT In field trapping tests, phenyl alkyl amines and phenyl alkyl alcohols with 2-carbon side chains attracted significantly more adult females of the northern com rootworm, Diabrotica barberi Smith & Lawrence, than did phenyl alkyl amines or phenyl alkyl alcohols with 1-, 3-, or 4-carbon side chains. Both sexes ofnorthern com rootworm were attracted to 2-phenyl-l-ethylamine in greater numbers than to 2-phenyl-l-ethanol, whereas the latter was the better attractant in the case of female western com rootworm, Diabrotica virgifera virgifera LeConte. Differences in attractancy between the 2 compounds were attributed to differences in atomic charge; electrostatic charge was calculated to be -1.10 on the nitrogen atom in 2-phenyl-l-ethylamine but only -0.70 on the oxygen atom in 2-phenyl-l-ethanol. Northern com rootworms responded in Significantly greater numbers when the 2 compounds were blended than when a dose of either compound was increased 10-fold. This observation does not support the idea that 2-phenyl-l-ethylamine substitutes for 2-phenyl-l-ethanol at a phenyl alkyl alcohol recognition site. In the case of cinnamyl alcohol derivatives, cinnamyl alcohol attracted the most northern corn rootworms, but cinnamaldehyde attracted the most western corn rootworms ofboth sexes. Male western corn rootworms responded to only cinnamaldehyde.
especially cinnamyl alcohol were attractive to adult northern corn rootworms (Metcalf and Lampman 1989a, c; 1991) . Northern corn rootworm beetles also found the parakairomone, 3-phenyl-1-propanol, nearly as attractive as cinnamyl alcohol and significantly more attractive than 2-phenyl-1-ethanol, whereas phenyl alkyl alcohols with 1 or 4 carbons in the side chain were ineffective (Metcalf and Lampman 1989a, 1991) .
Phenyl alkyl amines in a series analogous to the above phenyl alkyl alcohols were all at least marginally attractive, and those with 2-and 3-carbon side chains produced captures of northern corn rootworm adults higher than those obtained with cinnamyl alcohol, although not significantly so (Metcalf and Lampman 1991) . Cinnamyl alcohol is among the most effective attractants described for northern corn rootworm beetles (Metcalf and Lampman 1989a) and is the most effective in South Dakota, where 4-methoxyphenethanol performs relatively poorly (Hesler et al.1994) . Efficacy ofphenyl alkyl amines has been provisionally attributed to ability of the amine moiety to interact with the OR-receptor site (Metcalf and Lampman 1991) . This explanation has not been tested, however, and the amines may represent a new class of highly effective corn rootworm attractants that merits further study. We used field trapping tests and computional chemistry techniques to examine these alternatives.
The first of 2 field trapping tests compared attractiveness of cinnamyl alcohol, cinnamyl amine, and phenyl alkyl amines and alcohols with side chains varying in length from 1 to 4 carbons. Cinnamyl acetate and (E) -cinnamaldehyde were also included in the comparison. Although all of these compounds excepting cinnamyl amine have been previously field tested for attractiveness to northern corn rootworm beetles, simultaneously conducted comparisons are not available for all of the test compounds, including 2-phenyl-1-ethylamine and 2-phenyl-1-ethanoI. In studying structure activity relationships, simultaneous testing is required for valid comparison among attractants for a number ofreasons, including variation in the size of beetle field populations with time, in attractant efficiency with crop phenology, and in trapping methodology among studies. A 2nd test examined olfactory interaction between OH and NH 2 functional groups by testing attractiveness of 2-phenyl-1-ethanol and 2-phenyl-1-ethylamine dispensed individually and in combination. The field trapping tests were designed for the northern corn rootworm, but western corn rootworms were also trapped.
Computational chemistry techniques enable chemists to simulate the structure and behavior of molecules. We used these techniques to examine similarities and differences in atomic charge between the test molecules to achieve a better understanding of how chemical structure relates to biological activity.
Materials and Methods
Test Compounds. Cinnamylamine was synthesized as described below; 3-phenyl-1-propanol was obtained from Fluka Chemical (Ronkonkoma, NY); all other test chemicals were obtained from Aldrich (Milwaukee, WI) . Purity of all compounds tested was at least 98%.
Cinnamyl amine was prepared by reacting cinnamyl bromide (25 g, 0.127 mole) with hexamethylenetetramine (19.6 g, 0.140 mole) in refluxing chloroform to yield cinnamyl hexamethylene bromine salt (34 g, 0.100 mole, 79% yield). The salt (10 g, 0.030 mole) was hydrolyzed with aqueous ethanolic HCL (Baumgarten 1973) to give the product (3.66 g, 0.28 mole, 93% yield).
Computational Chemistry. Molecular modeling was performed using the Spartan version 4.0 program (Wavefunction 1996) running on a Silicon Graphics Indigo 2 Extreme workstation. Structures of2-phenyl-1-ethylamine and 2-phenyl-1-ethanol were built and the initial geometry was optimized with the Tripos molecular mechanics force field (Clark et aI. 1989) within Spartan. A systematic conformational search was conducted with the AMI Hamiltonian using the molecular mechanics derived initial geometrics as the starting point. Thus for each compound, rotatable bonds were assigned and a conformational search was performed allowing the bonds to rotate with a chosen 10°C stepwise increment of the dihedral angles. The lowest energy conformations of 2-phenyl-1-ethylamine and 2-phenyl-1-ethanol that were nearly superimposable were kept. Geometry was further optimized with a 6-31 G wavefunction and the atomic charges were calculated from an electrostatic potential fit. Electrostatic charge was similarly calculated for benzylamine, benzyl alcohol, 3-phenyl-1-propylamine, 3-phenyl-1-propanol as well as cinnamylamine, cinnamyl alcohol, and (E) -cinnamaldehyde.
Insect Field Trapping. Attractant efficacy was determined from the capture of feral northern and western corn rootworm adults on traps baited "lith test compounds and placed in field corn in Brookings County, SD. For the 1st test, individual compounds (100 mg) were applied to cotton dental rolls (3.8 cm long by 1 cm diameter [Patterson Dental, Minneapolis, MN 1) that were treated with 2.0 ml of a 1:4 mixture of olive oil in hexane to sustain volatilization (Guss 1976) . The rolls were then affixed to yellow Pherocon A.M. sticky traps (Trece, Salinas, CAl that were wrapped around plants at about corn ear height. Control traps were baited \vith dental rolls that were treated only with the oil-hexane mixture. Procedures were modified slightly in the 2nd test when alcohol and amine were volatilized from the same traps. In this case, each chemical was placed on a separate half of a dental roll that had first been treated with 1.0 ml of the 1:4 mixture of olive oil in hexane. Each half was then fastened separately to the trap to minimize the possibility of chemical reactions between compounds volatilized from the same trap. Test doses were also reduced in the 2nd test; the amine and alcohol were each tested at 3.0 and 30.0 mg per trap.
The experiments were laid out in a randomized complete block design with 6 (1st test) or 8 replicates. Traps within blocks were placed simultaneously in spatial proximity, generally \vithin a corn row, and separated by 2:30 m. Blocks were at least 30 m from one another and from the edge ofthe field. Traps were placed in the field on 6 September 1995 (1st test) and 27 August 1996. Number ofnorthern and western corn rootworm beetles per corn plant and corn developmental stage (Ritchie et aI. 1992) were determined 8 September 1995 and 29 August 1996 from samples of 40 plants situated throughout test areas at positions in trap rows about equidistant between traps. After 48 h in the field, the traps were returned to the laboratory, where adult corn rootworms were counted by sex and species.
Trap capture data were transformed [In (x + 1) 1 to normalize variances and were then analyzed by analysis of variance (AJ.'\JOVA) procedure of the SAS Institute (1989). Student-Newman-Keuls test was used to separate multiple means after a significant ANOVA (P < 0.05). Means and standard errors in tables are untransformed values.
Results
Insect Field Trapping. 2-Phenyl-1-ethylamine captured significantly more northern corn rootworm adults of both sexes than did any of the other compounds in the 1st test ( Means within a column followed by the same letter do not differ at P = 0.05 by Student-Newman-Keuls test. Com was in the dough to dent stage (R4-R5) and beetle number per plant (mean :: SE) wasOA:: 0.1 and 1.2:: 0.2 for northern and western com rootwonn, respectively. amine were about 3 times those with 2-phenyl-l-ethanol, the 2nd most attractive compound. In no other instance did a phenyl alkyl amine perform significantly better than its corresponding alcohol. In contrast to the phenyl propyl compounds, which showed no statistically Significant varation in attractancy with amine substitution for the alcohol moiety, cinnamyl amine (with a double bond in a 3-carbon side chain) attracted significantly fewer northern corn rootworms than did cinnamyl alcohol. This latter difference occurred in both sexes. Although cinnamyl amine attracted significantly more northern corn rootworm females than did the control, the response difference was only just detectable.
(E) -Cinnamaldehyde and cinnamyl acetate were intermediate between cinnamyl alcohol and cinnamyl amine in their attractiveness to northern corn rootworm females. Of these 4 compounds, only cinnamyl alcohol attracted significantly more northern corn rootworm males than did the control.
In both the phenyl alkyl alcohol and amine series, compounds with a 2-carbon side chain were clearly more attractive to northern corn rootworm females than were those with shorter or longer chains. Those with 4-carbon side chains performed no better than the control. Northern corn rootworm males tended toward a similar pattern, but showed differences with length of the side chain that were less striking than those manifested by the female.
Response patterns of northern and western corn rootworms showed little similarity. They shared only the superiority of cinnamyl alcohol over cinnamyl amine and the tendency for 2-phenyl-l-ethanol to perform better than alcohols with shorter or longer side chains. These few similarities between the species held only for western corn rootworm females. Males showed significant attraction only to (E) -cinnamaldehyde, which also captured significantly more western corn rootworm females than did any of the other test compounds.
2-Phenyl-l-ethanol captured only about one-third as many western corn rootworm females as did (E)-cinnamaldehyde. However, this alcohol was almost 5 times more effective than 2-phenyl-l-ethylamine, which is just the opposite of the pattern displayed by northern corn rootworms. Benzyl alcohol also captured significantly more western corn rootworm females than did benzylamine. None of the amines was more than marginally attractive to western corn rootworm females.
Blends of 2-phenyl-l-ethanol and 2-phenyl-l-ethylamine captured at least 100 more northern corn rootworm beetles than did either component alone, an increase that was statistically significant for 3 of 4 dosage combinations (Table 2 ). In contrast, although captures showed a tendency to increase with a lO-fold increase in dose of alcohol or amine, the increase was fewer than 30 beetles, at most, and not statistically significant for either compound (Table 2 , within column comparisons). Response of western corn rootworm females to the blends of2-phenyl-l-ethanol and 2-phenyl-l-ethylamine compared with individual compounds followed a pattern that was similar to that shown by northern corn rootworms, although captures were much lower for western than northern corn rootworm (Table 3) . Western corn rootworm males were excluded from the analyses because they failed to respond to any treatment in numbers significantly exceeding the control.
Computational Chemistry. The electrostatic charge was calculated to be -1.10 on the nitrogen atom in 2-phenyl-l-ethylamine but only -0.70 on the oxygen atom in 2-phenyl-l-ethanol. Electrostatic charge was calculated for the benzylamine nitrogen (-1.07) and benzyl alcohol oxygen (-0.69) as well as the 3-phenyl-I-propylamine nitrogen (-1.07) and 3-phenyl-l-propanol oxygen (-0.73). Electrostatic charge was also calculated for the cinnamylamine nitrogen (-1.12), the cinnamyl alcohol oxygen (-0.70), and the (E)-cinnamaldehyde oxygen (-0.33). 
Discussion
Metcalf and Lampman (1991) were the 1st to show 2-phenyl-l-ethylamine highly attractive to northern corn rootworm beetles. It captured almost 4 times as manv beetles in their tests as did benzvl amine or 4-ph~nyl-l-butylamineand almost twice' as many as did 3-phenyl-l-propylamine or cinnamyl alcohol, although the differences were not statistically significant in the latter 2 instances. Our test also showed that phenyl alkyl amines performed best when the side chain was 2 carbons long. However, our study detected larger differences between responses to the 2-and 3-carbon phenyl alkyl amines; 2-phenyl-l-ethylamine captured nearly 9 times as many northern corn rootworm beetles as did 3-phenyl-l-propylamine. This disparity might arise from regional variation in northern corn rootworm responsiveness to non-pheromonal attractants, as discussed below, or simply from differences in the time relative to crop phenology when the tests were conducted. Captures tend to increase as corn matures after silking (Hesler et al. 1994, Hammack and Hesler 1995) , and it becomes easier to differentiate among attractants late in the season when our field trapping test was conducted.
Substitution of an alcohol for an amine moiety had an effect on attractiveness ofphenyl alkyl and aIkenyl compounds that varied markedly with both length of the side chain and its degree of saturation. Thus, cinnamyl amine captured fewer than one-fifth as many northern corn rootworms as did cinnamyl alcohol, whereas amines having a saturated side chain performed as well or better than the corresponding alcohol. Superiority of the amine over the alcohol was obvious only when the side chain was 2 carbons long.
Large differences in attractiveness between 2-phenyl-l-ethylamine and 2-phenyl-l-ethanol cannot be explained by differences in lipophilicity or volatility. The octanol! water paction coefficient (Log P) for 2-phenyl-l-ethylamine is 1.36 and for 2-phenyl-l-ethanol is 1.41 (Hansch et al. 1995) . The boiling point range for 2-phenyl-l-ethylamine is 197-200°C, whereas the boiling point range for 2-phenyl-l-ethanol is 219-225°C (Aldrich 1996); however, the measured release rate for 2-phenyl-l-ethanol is 30 molecules per second, whereas the measured release rate for 2-phenyl-l-ethylamine is 8.8 molecules per second (Metcalf and Lampman 1991) . Western corn rootworm females responded better to 2-phenyl-l-ethanol than to 2-phenyl-l-ethylamine (Table 1) .
The reason for the difference in attractancy between 2-phenyl-l-ethylamine and 2-phenyl-l-ethanol might be explained by large differences in electrostatic charge ofthe functional moieties. The calculated electrostatic charge on the nitrogen atom in 2-phenyll-ethylamine is -1.10 whereas the calculated electrostatic charge on the oxygen atom in 2-phenyl-l-ethanol is only -0.70. These values are in accord with a calculated electrostatic charge of -0.997 on the nitrogen atom in methylamine and an electrostatic charge of -0.643 on the oxygen atom in methanol (Tannor et al. 1994) . Northern corn rootworms are and a significant A..c'lOVA (df = 3,21 or 3,117 before and after pooling, respectively; *p = 0.05; **p :$ 0.01; ***p :$ 0.0001; NS, P > 0.05).
Untransformed means and SE are shown. Com was in late milk to dough stage (R3-R4) and mean number of western com rootworms per plant (=SE) was 0.5 :: 0.1.
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Vol. 27, no. 3 more attracted to the more alkaline compound, 2-phenyl-1-ethylamine. Attractant recognition sites have electrostatic and steric preferences for the molecules that fit those sites. Although benzylamine, 2-phenyl-1-ethylamine, and 3-phenyl-1-propylamine have similar charge on the nitrogen atom (-1.07, -1.10, and -1.07 respectively), benzylamine has a side chain that is 1 carbon too short and 3-phenyl-1-propylamine has a side chain that is 1 carbon too long to optimally fit the hypothetical attractant recognition site. Only 2-phenyl-1-ethylamine has the correct size and charge on the heteroatom.
Varying the length of the side chain had a similar effect on attractancy ofthe phenyl alkyl alcohols as on that of the corresponding amines; that is, 2-phenyl-1-ethanol captured significantly more northern corn rootworms in our test than did alcohols with shorter or longer side chains. This pattern contrasts with the significantly and often sizably higher captures reported previously for 3-phenyl-1-propanol compared with 2-phenyl-1-ethanol (Metcalf and Lampman 1989a) . The major discrepancy appears to be the relatively greater efficacy of 2-phenyl-1-ethanol in our test as compared with those of Metcalf and Lampman (1989a, 1991) . The reason for this difference is unclear. However, the tests were done in different regions ofthe United States, and geographic variation in northern corn rootworm responsiveness to nonpheromonal attractants, including phenyl compounds with 2-and 3-carbon side chains, has been suggested (Hesler et al. 1994) . For example, 4-methoxyphenethanol was about 4 times more attractive than cinnamyl alcohol or else only half as attractive as the alcohol, depending on whether tests were conducted in Illinois (Metcalf and Lampman 1991) or South Dakota (Hesler et al. 1994) , respectively. Differences in trap design or placement between regions, as well as geographical variation between northern corn rootworm populations, could also contribute to inconsistencies among the studies.
Although our study was designed to examine structure-activity relationships in northern corn rootworms, data for western corn rootworms were also included because ofthe difference between species in efficacy of the phenyl alkyl alcohols and amines. In no case was the amine superiority characteristic ofnorthern corn rootworms evident among western corn rootworms. Instead, cinnamaldehyde was the most effective of our test compounds for western corn rootworm beetles, although it is considered to be only a moderately effective attractant for this species when used alone (Metcalf and Lampman 1989a) . 2-Phenyl-1-ethanol, which captured 15 times more females than did the control in our study, was a distant 2nd to cinnamaldehyde and statistically no better than cinnamyl alcohol, which is only a very weak western corn rootworm attractant (Metcalf and Lampman 1989c, Hammack 1996) . 2-Phenyl-1-ethanol was not previously found attractive to western corn rootworm adults (Metcalf and Lampman 1989a, c, 1991) .
Our field trapping results did not support the supposition that 2-phenyl-1-ethylamine is attractive to northern corn rootworms because it substitutes for 2-phenyl-1-ethanol at an OH receptor site. If the amine and alcohol shared such a similar action and differed only in potency, then dispensing blends ofthe 2 compounds from the same trap should be no more efficacious than doubling the dose of the most effective single compound. That was not the case for northern corn rootworms, which responded in significantly greater numbers when compounds were blended but not when the dose of either compound was increased lO-fold (Table 2 , within column comparisons). Western corn rootworm females showed a similar, although less striking, pattern. Our results are more consistent with a synergistic interaction between alcohol and amine, assuming a predictable increase in capture with increasing dose of the alcohol or amine. The capture of diabroticicte beetles on traps baited with volatile kairomonal or parakairomal attractants does generally increase linearly with dose plotted logarithically, and the response ofboth northern and western corn rootworms to 2-phenyl-1-ethanol is no exception over a range of test doses from 1.0 to 100 mg per trap (Metcalf and Lampman 1989a, 1991; Hammack 1996 ; L. H. unpublished data).
Relative attractiveness of (E) -cinnamaldehyde, cinnamyl acetate, and cinnamyl alcohol to northern corn rootworm adults (Table 1) matched that reported in an earlier study. Thus, Metcalf and Lampman (1989) found the alcohol significantly more attractive than the aldehyde or acetate. They also reported captures with the latter 2 compounds that were twice those of the control, but neither difference was statistically significant in their study in contrast to our study.
Differences in attractancy between cinnamyl alcohol and (E) -cinnamaldehyde cannot be attributed to differences in either lipophilicity or volatility. The octanollwater partition coefficient (log P) for cinnamyl alcohol is 1.95 and for (E) -cinnamaldehyde is 1.90 (Hansch et al. 1995) . The boiling point for cinnamyl alcohol is 250°C whereas the boiling point for (E) -cinnamaldehyde is 248°C (Aldrich 1996) . The measured release rates for both compounds are 2.5 X 10 14 molecules per second (Metcalf and Lampman 1991) .
The reason for the differences in attractancy between cinnamyl alcohol and (E) -cinnamaldehyde might also be explained by large differences in electrostatic charge. The calculated electrostatic charge on the nitrogen atom in cinnamyl alcohol is -0.70, whereas the calculated electrostatic charge on the oxygen atom in (E) -cinnamaldehyde is only -0.33. Cinnamyl acetate has an acetate function making the molecule larger than cinnamyl alcohol. The size difference could account for the difference in attractancy between these 2 compounds.
Although cinnamylarnine has an electrostatic charge of -1.12, the compound has only slight activity as an attractant in the field bioassay (Table 1) . Our data concerning 2-phenyl-1-ethylamine and 2-phenyl-I-ethanol suggest different recognition sites for the 2 compounds (Table 2) . It is therefore possible that a similar situation exists in the case of cinnamylamine and cinnamyl alcohol and that cinnamylamine is poorly recognized.
2-Phenyl-l-ethylamine has not been reported among corn or squash (Cucurbita spp.) volatiles, and the biological significance ofthe strong northern corn rootworm response to this compound remains unclear. Indole, another nitrogen-containing compound more attractive to western than northern corn rootworms, has been reported from corn (Turlings et al. 1991 , Thompson et al. 1974 ) and squash blossoms (Andersen and MetcalfI986) . In the latter case, indole acts as a strong olfactory synergist when blended with other floral attractants (Metcalf et al. 1995) . Cinnamonitrile and especially 4-methoxycinnamonitrile also attract western corn rootworms but have not been reported from host plants (Metcalf and Lampman 1989b, Lance 1990) , although smaller nitriles and oximes are released by corn seedlings after herbivore damage (Takabayashi et al. 1995) . Similar small oximes, as well as phenylacetaldoxime and its derivatives, are common nitrogen-containing compounds among floral volatiles (Kaiser 1991) , but none has been tested for attractiveness to corn rootworm beetles.
